INTRODUCTION
In eukaryotic cells gene expression is controlled, in part, by numerous transcriptional activators and repressors that bind to specific genomic sequences and affect the expression of adjacent genes [1] . Complex and dynamic expression patterns of target genes are achieved through the co-operative activity of multiple factors that together form various network motifs with different structures and properties. In addition to forming complex expression patterns of targets, this control mechanism also enables the co-ordinated regulation of different genes with divergent expression patterns through the involvement of one transcription factor in multiple different network motifs. By means of studies conducted on both a limited-and whole-network scale [2] [3] [4] [5] [6] , it is emerging that this system of combinational transcriptional regulation underlies many critical cellular pathways, and these complex network mechanisms enable cells to adapt to a wide range of environments and are even essential to cell survival [7] .
The complexity of gene expression regulation is further increased through the integration of this gene-specific regulation with mechanisms involving chromatin structure. These mechanisms play a key role in regulating gene expression by restricting the access of transcriptional machinery to target promoters. This mode of control co-operates with both signalling molecules and transcription factors to co-ordinate changes in genomic expression to alter cellular function in response to stimuli [8] . Understanding the interplay between different levels of transcriptional regulation is crucial for our understanding of the co-ordinated behaviour of these networks and basic cellular responses [1] .
The yeast Saccharomyces cerevisiae serves as an excellent model for studying the mechanisms behind the multi-input motifs of cellular responses through its unique transcriptional response to oleic acid [9] . Upon exposure to fatty acids such as oleate, gene expression dramatically changes in favour of genes which aid in peroxisomal β-oxidation and biogenesis in addition to other metabolic and stress-related processes [1] . The peroxisome compartment is rapidly and dramatically induced in the presence of oleate, a process that is mediated at the level of transcription [10, 11] . In response to oleate induction, the expression of genes required for peroxisome assembly and function is strictly controlled by a transcriptional regulatory network. This includes the expression of peroxisomal proteins and/or proteins required for their assembly, maturation, division and turnover [12] . The promoters of most of these oleate-responsive genes share an ORE (oleate-response element), a common sequence motif that acts as a binding target for oleate-responsive transcription factors [9, 13] . However, the mechanisms through which environmental cues are transmitted into activation of the peroxisome biogenesis pathway are largely unknown.
The core oleate-responsive transcriptional network consists of carbon-source-sensing transcription factors that regulate key target genes through an overlapping mechanism [10] . For many key oleate-responsive genes, active transcription occurs through four main transcription factors under oleate conditions, Oaf (oleate-activated transcription factor) 1p, Pip2p (peroxisome induction pathway 2), Oaf3p and Adr1p (alcohol dehydrogenase regulator 1) [11] . The specificity of this response is strictly modulated at two different levels: Oaf1p can directly bind oleate and is activated by oleate [14] and the expression of PIP2 is activated by Oaf1p-Pip2p heterodimers. Adr1p, a third transcriptional activator which is also involved in metabolizing other carbon sources, is also involved, though its exact role in the oleate response is still under active discussion [15] [16] [17] . Previous studies have also identified a Zn(2)-Cys(6) transcription factor, Oaf3p, as one of 224 genes that has a significant number of target genes during oleate induction and displays expression profiles similar to the genes required for fatty acid metabolism or peroxisomal biogenesis [18] [19] [20] . Previous work has established an important role for Oaf3p as a transcriptional inhibitor with a significantly increased expression of many peroxisome-related genes when OAF3 mutant cells are grown in an oleate-containing medium [1] . Oaf3p acts as a negative transcriptional regulator implicated in multiple cellular responses [1] . Genome-wide ChIP (chromatin immunoprecipitation)-on-chip data showed that the number of targets of Oaf3 under glucose conditions is increased from 26 to 261 in response to oleate induction. A total of 53 out of these 261 targets contain OREs, which indicates the important role of Oaf3p on transcriptional regulation of oleate-responsive genes. Recent research using chromosome position analysis has revealed that during oleate induction the targets of Oaf1p, Adr1p and Oaf3p are enriched at regions within 10 kb of telomeres. These factors have been implicated for the co-ordination of subtelomeric silencing during cellular stimuli [21] . However, the exact mechanism of Oaf3p involvement in transcription regulation during the oleate response still remains unclear.
Key oleate-responsive genes, such as POT1 (peroxisomal oxoacyl thiolase 1), a peroxisomal 3-oxoacyl-CoA thiolase, are regulated by all four transcription factors (Oaf1p, Pip2p, Oaf3p and Adr1p) under oleate growth conditions. The POT1 promoter exists predominantly in distinct states that are dependent on the presence and/or absence of different carbon sources [12, 22, 23] . The range of activation of POT1 in response to oleate is over 1000-fold, which makes the POT1 promoter a great model to study the molecular mechanisms of transcriptional activation. In addition to the transcription factors, signalling proteins and metabolic enzymes required for efficient fatty acid metabolism, our previous genetic screen also identified chromatin modifiers, specifically the Htz1p (histone variant H2A.Z), as a subset of proteins that also affect oleate induction [24] [25] [26] . We have identified a role for Htz1p in the rapid and robust activation of many oleate-responsive genes, and have demonstrated both that the initial binding of Htz1p on the POT1 promoter before oleate induction serves as an epigenetic marker for sustained gene expression and the recruitment of TATA-binding proteins [26] . Given the important role for Htz1p in the regulation of the oleate response, we now seek to test whether Htz1p can functionally co-ordinate with this transcriptional network mediated by the known transcription factors Oaf1p, Pip2p, Adr1p and Oaf3p to dynamically regulate POT1 and PIP2 expression during oleate induction.
In the present study we gain an insight into the structure and function of the transcriptional networks mediated by four known transcription factors, Oaf1p, Pip2p, Oaf3p and Adr1p, and histone variant Htz1p. Using a series of high-resolution ChIP and mRNA expression studies, as well as evidence provided using NuSAs (nucleosome-scanning assays), we find that Htz1p facilitates the temporal recruitment of the repressor Oaf3p to oleate-responsive promoters. Furthermore, Oaf3p may have a crucial role in regulating both the transcription and chromatin structure of the POT1 promoter. The results of the present study verify the role of Oaf3p as an important cofactor in the regulatory network that controls oleate-responsive gene expression by working with different factors at different subsets of oleate-responsive genes.
MATERIALS AND METHODS

Strains and growth conditions
All yeast strains used in the present study are listed in Table 1 . Haploid strains with Myc-tagged proteins were made by genomically tagging the target genes with a sequence encoding 13 copies of the c-Myc epitope from pFA6-13MYC [26] by homologous combination into BY4742 cells (wild-type) using a previously described PCR-based procedure [26] . The strains were identified by PCR and the presence of the appropriately sized fusion proteins. Examination of growth characteristics of each strain suggested that the chimaeras did not alter protein function. The strains were cultured at 30
• C in the following media: YPD (1 % yeast extract, 2 % peptone and 2 % glucose), SCIM [0.17 % yeast nitrogen base without amino acids and ammonium sulfate (YNB-aa-as), 0.5 % yeast extract, 0.5 % peptone, 0.079 % complete supplement mixture and 0.5 % ammonium sulfate] containing 0.5 % Tween 40 and 0.2 % oleate.
RNA preparation and mRNA expression levels
Total RNA was isolated according to procedures described previously [26] . mRNA levels were normalized to ACT1 (actin 1) mRNA levels from three independent qRT-PCR (quantitative real-time PCR) analyses. A list of primers used for the qRT-PCRs are shown in Table 2 .
ChIP and real-time PCR
For each ChIP experiment the strains were grown first in glucose medium (YPD) to a density of 1×10 7 cells/ml and then transferred to oleate medium (SCIM) to grow until the indicated times. ChIP experiments were performed as described previously [26] .
NuSAs
NuSAs of the wild-type and oaf3 strains were performed using a previously described procedure [26] . In order to define nucleosome occupancy, protection values of each amplicon were normalized to CEN3 (chromosome III centromere) values. The N + 1 nucleosome delineates the first nucleosome downstream of the transcription start site located at the open reading frame regions. The N − 1 nucleosome refers to the first nucleosome upstream from the transcription start site located in the promoter region.
RESULTS
Dynamic association of four oleate-specific transcription factors
The enrichment of four Myc-tagged transcription factors, Oaf1p, Pip2p, Oaf3p and Adr1p, at the POT1 and PIP2 promoters was determined by ChIP and quantitative PCR ( Figure 1 ). As expected, low levels of enrichment were observed on the POT1 promoter in wild-type cells grown in repressed conditions (2 % glucose, 0 h) for all four of these transcription factors. After 1 h of induction the association of these four transcription factors at the POT1 promoter was significantly increased (Figure 1 ). However, upon induction for 6 h the binding capacity of all four factors decreased, although the transcription was still activated. A similar pattern of association of the four transcription factors was observed at the PIP2 promoter. All four transcription factors showed an abrupt association with the PIP2 promoter after early induction and tended to decrease their binding ability following induction. Compared with the repressed condition, the four transcription factors still showed significant binding ability at the POT1 and PIP2 promoters after 6 h of induction. Together, these data suggest that oleate-specific transcription factors showed the dynamic association patterns at either the POT1 or PIP2 promoters during oleate induction. The continuing induction of expression does not necessarily require the strong association of all four factors.
Adr1p is involved in the association of HA (haemagglutinin)-Htz1p with the POT1 and PIP2 promoters during repression
Our previous studies have shown that the deletion of histone variant Htz1p can result in decreased POT1, CTA1 (catalase A1), POX1 (fatty-acyl CoA oxidase 1) and FOX2 (fatty acid oxidation 2) mRNA levels as well as delayed oleate induction and peroxisomal biogenesis [26] . In order to better understand the mechanism behind this deficiency, we wanted to check whether any of these transcription factors had an effect on the deposition of histone variant Htz1p at the POT1 and PIP2 promoters. Using the ChIP of a strain expressing an HA-tagged version of Htz1p, in vivo enrichment of Htz1p at the POT1 and PIP2 promoters in oaf1, pip2, oaf3 and adr1 mutant strains was determined by quantitative PCR in glucose and throughout 6 h in oleate medium (Figure 2 ). In the wild-type cells the levels of Htz1p enrichment were highest in the repressed condition (glucose-containing medium) and gradually decreased over the course of 6 h in oleate medium, which is consistent with previous studies [26] . No significant difference in the binding ability of Htz1p on the POT1 and PIP2 promoters was observed in three of the four mutants. As with the wild-type cells, the oaf1, pip2 and oaf3 strains exhibited higher levels of Htz1p enrichment in the repressed condition (2 % glucose) and decreased gradually during oleate induction. However, Htz1p enrichment on the POT1 and PIP2 promoters in adr1 cells prior to and during oleate induction (0 h and 1 h) was significantly reduced (P < 0.01). These data suggest that the oleate-responsive transcription factors Oaf1p, Pip2p and Oaf3p have minimal effects on Htz1p-containing nucleosome assembly at the POT1 promoters during oleate induction. Adr1p may have an important role in Htz1p recruitment and dynamic incorporation into nucleosomes at the POT1 and PIP2 promoters.
Without Htz1p Oaf3p is retained on the POT1 promoter during the oleate response
In order to better understand the interplay between these four transcription factors and histone variant Htz1p in regulating oleate induction, we sought to determine whether Htz1p has a direct effect on the transcription factors known to associate with the POT1 and PIP2 promoters in response to oleate. The enrichment of Myc-tagged Oaf1p, Pip2p, Adr1p and Oaf3p to the POT1 promoter was determined by quantitative PCR in both wild-type and htz1 mutant cells (Figure 3) . In htz1 mutant cells, there was no dramatic change in the dynamic binding pattern for transcription factors Oaf1p, Pip2p and Adr1p on the POT1 and PIP2 promoters when compared with the wild-type. However, in the absence of Htz1p, Oaf3p was noticeably retained on the POT1 promoter throughout oleate induction. Even in the repressed condition (2 % glucose), Oaf3p had a strong capability to bind the POT1 promoter in the absence of Htz1p. However, the enhanced association of Oaf3p in htz1 mutant cells was not observed at the PIP2 promoter. These data indicate that although the deletion of HTZ1 does not affect Oaf1p, Pip2p and Adr1p binding, it can cause the retention of Oaf3p at the POT1 promoter throughout the oleate response, which probably contributes to the low POT1 expression levels observed in htz1 cells as reported previously [26] . Furthermore, whereas Htz1p is involved in the spatial and temporal binding of Oaf3p at the POT1 promoter, Oaf3p does not show a reciprocal function for Htz1p association at the POT1 promoter during oleate induction (Figure 2) . Overall, these results demonstrate that histone variant Htz1p can functionally co-operate with a transcriptional regulator to regulate gene expression.
Oaf3p is required for normal kinetics of oleate-responsive genes
In our previous efforts to define the molecular mechanisms through which cells respond to oleate induction we identified Oaf3p as a repressor of oleate-responsive genes [1] . The process of transcriptional activation of POT1 and PIP2 requires the The association of HA-Htz1 with the POT1 promoter (A) and PIP2 promoter (B) was determined by ChIP in wild-type (wt), oaf1, pip2, oaf3 and adr1 strains using anti-HA antibodies followed by RT-PCR. ACT1 was used as an internal control for the signals of the enrichment on POT1 and PIP2 promoters. The relative enrichment ratio is plotted at four time points of induction in oleate (0, 1, 4 and 6 h). Error bars show S.D. from three independent biological replicates.
alleviation of the negative function of the Oaf3 repressor. To further characterize the regulation by Oaf3p, we studied the mRNA accumulation of four strongly induced genes encoding peroxisomal matrix proteins, POT1, CTA1, FOX2 and POX1, which are normally repressed in the presence of glucose and strongly induced in the presence of oleate [26] . Their transcriptional responses to the initial repressed condition (2 % glucose) and subsequent exposure times in oleic acid (0.2 % oleate) in the wild-type and Δoaf3 mutant strains were analysed using qRT-PCR ( Figure 4 ). As expected, the induction of all four reporters was faster in oaf3 cells than in the wild-type cells. These results implicate Oaf3p as part of the regulatory circuit, where it acts as a negative regulator of transcription in response to oleate induction.
Oaf3p antagonizes the association of Oaf1p to oleate-responsive genes
The identification of Oaf3p as a negative regulator of oleic acid induction led us to investigate the molecular mechanism of how Oaf3p inhibits gene induction. We compared the binding of oleate-responsive transcription factors to the POT1 and PIP2 promoters in the wild-type and Δoaf3 strains after growth in a repressive condition (2 % glucose) and at various time points after a shift to induction medium (0.2 % oleate). Enrichment of the Myc-tagged transcription factors Oaf1p, Pip2p and Adr1p at the POT1 and PIP2 promoters in both strains was determined by ChIP and quantitative PCR ( Figure 5 ). Comparison of Pip2p and Adr1p enrichment between the wild-type and oaf3 cells revealed that the absence of OAF3 has a minimal effect on the dynamic association of Pip2p and Adr1p to the POT1 and PIP2 promoters during oleate induction. However, enrichment of Oaf1p at the POT1 and PIP2 promoters in oaf3 cells dramatically increased in both the repressed and induced conditions, suggesting that Oaf3p may compete with Oaf1p for binding to the POT1 and PIP2 promoters.
Enhanced association of Oaf1p on the POT1 and PIP2 promoters in the absence of OAF3 is dependent on Pip2p
Upon receiving an oleate nutritional signal, Oaf1p heterodimerizes with Pip2p and binds to the OREs of target oleate-responsive genes [9, 27, 28] . However, in the experiment described above, the increased binding of Oaf1p to the POT1 and PIP2 promoters in the absence of Oaf3p was substantially higher than its binding partner Pip2p ( Figure 5 ). To examine why the increased binding of Oaf1p on the POT1 and PIP2 promoters did not correlate with an increase of Pip2p levels in oaf3 cells, we examined whether this enhanced binding capacity of Oaf1p is dependent on the binding of Pip2p with the POT1 and PIP2 promoters. To do this we Figures 6A and 6B) . Compared with the wild-type cells the Δpip2 mutants exhibited no significant difference in Oaf1p-Myc association after 1 h of induction, but after 6 h the deletion of PIP2 resulted in significantly decreased Oaf1p enrichment. These data support the previous studies that Oaf1p can bind DNA independently of Pip2p at some oleateresponsive gene promoters [9] . However, we found a complete dependency of Oaf1p on Pip2p binding to the POT1 and PIP2 promoters over the course of oleate induction ( Figures 6C and 6D ). In the mutant lacking both PIP2 and OAF3, Oaf1p enrichment was not detected at either the POT1 or PIP2 promoter under any of the conditions tested. In addition, the increased binding of Oaf1p in oaf3 mutant cells did not come from the increased Oaf1p expression as we did not detect a significant difference in levels of Oaf1p between the wild-type and oaf3 mutant during oleate induction (1 and 6 h) ( Figure 6E ). Collectively, these data indicate that Pip2p is required for the enhanced binding of Oaf1p to the POT1 and PIP2 promoters in oaf3 mutant cells.
Oaf1p, Pip2p and Adr1p are required for the initial binding of Oaf3p before oleate induction
Given the important role for Oaf3p on dynamic binding of Oaf1p during oleate induction, we wanted to know whether Oaf1p can also affect the dynamic association of Oaf3p at the POT1 and PIP2 promoters. We compared Oaf3p binding between the wild-type and the oaf1, pip2 and adr1 strains and noticed that Oaf3p showed stable binding at the POT1 promoter even in the repressed condition (2 % glucose). However, there is no enrichment of Oaf3p at the PIP2 promoter before oleate induction ( Figure 7) . Deletion of all three factors can dramatically affect the initial Oaf3p binding at the POT1 promoter prior to induction. During the later induction, Pip2p plays an important role in the dynamic association of Oaf3p. As we observed, PIP2 deletion can significantly affect the binding of Oaf3p at both the POT1 and PIP2 promoters during the 1 h induction. Although POT1 and PIP2 have similar OREs on their promoter regions, they showed different binding characteristics for these four transcription factors. A much more induced POT1 gene may have more complicated transcriptional regulatory mechanisms in response to oleate induction than PIP2. Together, these data suggest that Pip2p plays an important role in the dynamic binding of Oaf3p during oleate induction.
Deletion of Oaf3p results in higher nucleosome enrichment at the POT1 gene
In order to determine how Oaf3p can contribute to the repression of POT1 expression, a NuSA was used to measure the level of nucleosomal occupancy and location on the POT1 promoter in the wild-type and oaf3 strains before and after oleate induction (Figure 8 ). Isolated mononucleosomal DNA was analysed by qRT-PCR and this illustrated the dynamic nucleosomal occupancy during POT1 activation compared with the relative nucleosome occupancy on centromeric DNA [26] . In glucose-containing medium, the difference in the relative protection of the POT1 promoter for the wild-type and oaf3 mutants is negligible: both strains showed high nucleosome enrichment at N − 1 and N + 1 from the transcription start site. However, upon switching to oleate, oaf3 cells still exhibited high enrichment at N + 1, which continued to increase after 4 h of the oleate response, at which point the relative protection at N − 1 also increased, The association of Oaf1p-Myc with the POT1 promoter (A) and PIP2 promoter (B) was determined by ChIP in wild-type (wt), oaf3, pip2 and oaf3 pip2 strains using anti-Myc antibodies follow by qRT-PCR. (C and D) The association of Pip2p-Myc with the POT1 and PIP2 promoters was determined by ChIP in wild-type and oaf1 strains using anti-Myc antibodies follow by qRT-PCR. ACT1 was used as an internal control to signals of the enrichment on POT1 and PIP2 promoters. The relative enrichment ratio is plotted at four time points of induction in oleate (0, 1, 4 and 6 h). Error bars show the S.D. from three independent biological replications. (E) Deletion of OAF3 did not affect Oaf1p expression during oleate induction. The wild-type, oaf3, pip2 and oaf3 pip2 strains which genomically integrated Oaf1p-Myc were grown in 2 % glucose overnight and then transferred into oleate-containing SCIM medium at the indicated time points. Samples containing equal amounts of protein were analysed by Western blotting with the anti-Myc antibody to visualize Oaf1p expression. A polyclonal antibody directed against Gsp1p (genetic suppressor of Prp20-1) was used as a loading control.
finally resulting in two major increases in nucleosome enrichment by 6 h of the oleate response. Together, these data suggest that the disassembly and reassembly of nucleosomes at the POT1 promoter during activation are basically not correlated with an overall openness of chromatin. The association of Oaf3p at the POT1 promoter can affect chromatin structure, which ultimately may affect transcription levels when induced by oleate.
DISCUSSION
The induction of the oleate response in yeast results in extensive changes in gene expression patterns that make it an ideal model for analysing the impact of environmental stimuli on gene regulation [1, 18, 29] . The experiments described in the present paper help to discover how four oleate-specific transcription factors and the histone variant Htz1p are required for full activation of oleate-responsive genes. High-resolution ChIP analysis showed that the absence of Htz1p results in the prolonged association of repressor Oaf3p to the POT1 promoter throughout the early stages of the oleate response (Figure 3 ), which suggests one potential mechanism behind the low POT1 mRNA levels previously observed in htz1 cells [26] . In addition, our experimental data also linked the transcription activator Adr1p to the recruitment of Htz1p and incorporation into nucleosomes at the POT1 and PIP2 promoters prior to and during the oleate response (Figure 2) . Earlier studies have shown that Adr1p can The association of Oaf3p-Myc with the POT1 promoter (A) and PIP2 promoter (B) was determined by ChIP in wild-type (wt), oaf1, pip2 and adr1 strains using anti-Myc antibodies follow by qRT-PCR. ACT1 was used as an internal control to signals of the enrichment on the POT1 and PIP2 promoters. The relative enrichment ratio is plotted at four time points of induction in oleate (0, 1, 4 and 6 h). Error bars show the S.D. from three independent biological replicates.
trigger nucleosome remodelling upon gene activation through interactions with various chromatin remodelling and histone modifiers [30] . Activators may work to physically stabilize the transcriptional machinery that remains at the promoter after activation, thereby inhibiting competing chromatin reassembly [30] . The present study suggests that the function of Adr1p may be to maintain control of the chromatin structure of the Htz1p-containing promoters, which increases promoter accessibility to the transcriptional machinery.
However, the apparent association between Htz1p and the negative repressor, Oaf3p at the POT1 promoter, has proven to be interesting with respect to peroxisomal function and biogenesis. Out of all four of the tested transcription factors, only the binding efficiency of Oaf3p was directly affected by the absence of Htz1p, during which it was retained on the promoter throughout the oleate response ( Figure 3) . As a relatively uncharacterized protein, the function of Oaf3p as a regulatory factor is still largely unknown [1] . In the present study we illustrate, through the mRNA expression data of four peroxisomal proteins, that Oaf3p acts as a negative regulator of oleate-responsive genes whose absence triggers a fast induction in mRNA expression level from POT1, POX1, FOX2 and CTA1 at even 1 h into the oleate response (Figure 4) . ChIP data also showed that Oaf3p had an effect on the association of Oaf1p to the POT1 and PIP2 promoters; upon its deletion from the genome, Oaf1p levels on the POT1 and PIP2 promoters increased dramatically in comparison with the wild-type even before the cells were exposed to oleate ( Figure 5) . Notably, this increased association was higher than the binding efficiencies of its partner Pip2p and, although research has shown that Oaf1p is also capable of activating genes in the absence of its dimerizing partner [9] , it does appear that these enriched binding levels are still dependent on the binding of Pip2p to the POT1 promoter ( Figure 6) .
A global search for ORE-like sequences identified a total of 85 open reading frames that have oleate responsive-like elements in their promoter regions [31] . These include a number of oleate-responsive genes which are highly inducible (POT1, POX1, FOX2 and CTA1) [26] . However, some genes cannot respond to oleate induction and show steady expression and are expressed constantly [PEX (peroxin) 5, PEX6 and PEX25) [31] . PIP2 is the only oleate-responsive transcription factor which is tightly controlled in response to oleate induction by an autoregulation mechanism [10, 18, 27, 32] . In the present study we have identified the difference for the association of oleateresponsive transcription factors between two ORE-containing oleate-responsive genes, such as POT1 and PIP2. Overall, four major transcription factors showed a similar dynamic binding pattern at both the POT1 and PIP2 promoters. However, Oaf3p showed initial binding at the POT1 promoter instead of PIP2 (Figure 1) . It remains to be addressed why ORE-containing genes require different regulatory mechanisms in response to oleate induction.
The present study and previous reports showed that Oaf1p can still bind to some oleate-responsive gene promoters, such as POT1, PIP2 and CTA1, even in the absence of Pip2p [9] . Moreover, immunoprecipitation experiments demonstrated that Oaf1p is capable of forming homodimers [31] . Our preliminary data showed that Oaf1p can form a homodimer and a heterodimer with Oaf3 to associate with its target genes promoters in vivo. Moreover, disruption of OAF3 can significantly enhance the association of the Oaf1p homodimer at the POT1 promoter (results not shown). Therefore we concluded that the presence of the Oaf3p repressor can compete with Oaf1p to associate with the POT1 promoter ( Figure 5 ). Although the ligand-binding domains of Oaf1p and Pip2 are highly structurally similar, only Oaf1p can bind non-esterified fatty acids and sense the nutritional signal. The enhanced binding of Oaf1p-Oaf1p at the POT1 promoter in the absence of OAF3 may bring more fatty acids to the POT1 ORE regions and then recruit more transcriptional machinery to achieve the maximal expression. These hypotheses can clearly explain why the deletion of OAF3 can lead to faster induction (Figure 4) .
The most intriguing effect of Oaf3p observed in the present study, however, was on the chromatin structure of POT1 during oleate induction. Upon activation in oleate-containing medium, nucleosome enrichment upstream and downstream of the POT1 transcription start site substantially increased when Oaf3p was absent (Figure 8 ). Although the NuSA results do not reveal whether these nucleosomes contain Htz1p, these data illustrate that it is not necessary for genes to have an open chromatin structure to facilitate their active transcription. Previous studies on chromatin structure during the stages of activation of heat-shock proteins show diverse patterns of nucleosome enrichment, which include high promoter protection, low promoter protection or no change in promoter protection during induction [33] . Although these observations are likely to be promoter-specific, the NuSA results join the limited amount of data supporting the existence of a variety of different chromatin structures for actively transcribed genes. Furthermore, the fact that this change in chromatin structure was triggered by the deletion of Oaf3p indicates that, like histone variants, histone modifiers and chromatin remodelling complexes, transcription factors can also contribute to changes in nucleosome enrichment.
Next generation sequencing analysis has shown that two transcription factors, Rap1p (repressor activator protein 1) and Abf1p (ARS-binding factor 1), can influence chromatin structure. It has been found that Rap1p can compete with nucleosomal histones for their binding site to alter the local chromatin structure [34] . However, the molecular mechanisms with which transcriptional activators/repressors affect nucleosome organization and chromatin structure are largely unknown. In the present study we also demonstrated that the transcriptional repressor Oaf3p plays an important role in determining chromatin structure and dynamics at the POT1 promoter during oleate induction. Our previous study showed that Isw2p (imitation switch subfamily 2), an ATP-dependent chromatin-remodelling factor, is proposed to contribute to nucleosome assembly and disassembly at the POT1 promoter during oleate induction [26] . It will be important to know whether changes of nucleosome structures at the POT1 promoter in OAF3 deletion is mediated by functional interplay with Isw2p. Interestingly, we observed the significantly decreased association of Oaf3p at the POT1 promoter in ISW2 deletion during oleate induction. However, we did not detect the contribution of Oaf3p on the dynamic binding with the POT1 promoter during oleate induction (see the Results section). It will be interesting to test whether Oaf3p has a widespread influence on nucleosome positioning on a genome-wide scale and whether the effect of Oaf3p on chromatin structure is related to its role in transcriptional activation and repression.
Overall our results illustrate that, whereas the effects of Htz1p on the chromatin structure and regulation of peroxisomal genes still remains uncertain, the inhibitory role of Oaf3p may be more complex than previously thought. From this series of experiments, we are able to conclude that Oaf1p, Adr1p, Pip2p and Oaf3p all have dynamic binding targets on the POT1 and PIP2 promoters, and that Htz1p is required for the timely removal of Oaf3p from the POT1 promoter during oleate induction. ChIP analyses from the present study also indicated that Adr1p is involved in the assembly of Htz1-containing nucleosomes, which may stem from its link to chromatin remodelling proteins as shown from previous research [30] . In delving into the inhibitory nature of Oaf3p, the ChIP data illustrated that deletion of Oaf3p can cause increased binding of Oaf1p to the POT1 promoter. The interesting results from these experiments revolve around the changes in chromatin structure observed upon deletion of Oaf3p. The results of the present study have added tremendously to the limited knowledge of Oaf3p and, as a result, will spur future experiments on the regulatory role of this protein on both oleate-responsive genes and the rest of the yeast genome.
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